The southwestern Ross Sea (Antarctica) supports a large bloom of Phaeocystis antarctica in the Ross Sea polynya, which is impacted minimally by zooplankton and a smaller diatom bloom in the adjacent Terra Nova Bay polynya, which are more readily grazed. This difference in grazing pressure between the two regions frequently has been explained by a reduced susceptibility of P. antarctica to grazing, despite conflicting evidence showing that Phaeocystis spp. are readily grazed by zooplankton. Using a three-dimensional ecosystem model of the Ross Sea, our goal was to determine whether phytoplankton growth dynamics, rather than mechanical and/or chemical defenses, might explain (1) the relatively low zooplankton abundance observed in waters dominated by P. antarctica, and (2) the low overall zooplankton biomass in the Ross Sea. Although in the model, diatoms and P. antarctica were grazed with equal ease (i.e., no prey selectivity), the slower growth of phytoplankton in Terra Nova Bay resulted in a higher degree of phytoplankton-zooplankton coupling and greater zooplankton abundance. Conversely, the exaggerated boom/bust cycle of the P. antarctica bloom in the Ross Sea polynya resulted in greater decoupling from higher trophic levels and reduced zooplankton biomass. This indicates that the low zooplankton abundance observed in the Ross Sea polynya may be a consequence of their inability to match the high growth rates of P. antarctica. The different degrees of zooplankton-phytoplankton coupling between Terra Nova Bay and the Ross Sea polynya may have important implications for food web structure and carbon export, especially under changing stratification.
The Southern Ocean is a dynamic system, exhibiting large mesoscale variability in primary production and zooplankton biomass, mainly along frontal boundaries (Deacon 1982) . Variation ranges from the low-productivity high-nutrient low-chlorophyll (HNLC) areas of the sub-Antarctic zone (e.g., Martin et al. 1990 ) to the high-productivity marginal ice zone (MIZ) and coastal polynyas such as those found in the Ross Sea (Arrigo and McClain 1994; Smith and Gordon 1997; Arrigo et al. 1998) . The Southern Ocean is an important component of the global ocean system, linking all major ocean basins and facilitating global distribution of its deep waters. Furthermore, it directly exchanges large amounts of CO 2 with the atmosphere (Caldeira and Duffy 2000) and may have played a major role in past climate change (Martin 1990) . Recent climate models (e.g., Sarmiento et al. 1998) predict that the critical role of the Southern Ocean may continue in the future as rising atmospheric CO 2 is predicted to impact the carbon (C) cycle significantly.
A key component of the marine C cycle is the biological pump, whereby phytoplankton remove CO 2 from surface waters and convert it to particulate organic C (POC), of which about 1% is exported to depth. The biological pump can help to maintain a positive CO 2 gradient, allowing CO 2 to diffuse from the atmosphere into the ocean; mixing of dissolved organic carbon (DOC) across the pycnocline also contributes 1 Corresponding author (atag@pangea.stanford.edu).
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to the net C flux. Food web characteristics, such as phytoplankton cell size, the degree of microzooplankton versus mesozooplankton or macrozooplankton grazing, and bacterial remineralization, determine the export potential of POC (Boyd and Newton 1995) . Elevated zooplankton grazing leads to the increased flux of C to depth within highly refractory and dense fecal pellets, and phaeopigment production (primarily phaeophorbide a) occurs via sloppy feeding upon phytoplankton. An improved understanding of the processes that control the rates of zooplankton grazing and biomass levels would allow us to better assess the degree to which zooplankton impact the export flux of C.
The Ross Sea is one of the most productive ecosystems in the Southern Ocean (Arrigo et al. 1998 ), yet data suggest that mesozooplankton and macrozooplankton biomass there, relative to the high phytoplankton biomass, is anomalously low (see Table 1 ) compared to other Southern Ocean areas. Data collected by Huntley and Zhou (2000) during the Antarctic Environments Southern Ocean Process Study-Joint Global Ocean Flux Study (AESOPS-JGOFS) expeditions in the southwestern Ross Sea found a springtime zooplankton biomass of ϳ0.5 g C m Ϫ2 , which increased to around 0.7 g C m Ϫ2 during the austral summer. These values were obtained over a range of depths and then integrated at each station (n ϭ 20 and 22 stations during austral spring and summer, respectively). Measurements by Sertorio et al. (2000) support these values, although they sampled slightly to the north of our study area; zooplankton biomass was found to be around 0.34 g C m Ϫ2 at the end of the austral spring (n ϭ 19). Krill also appeared to be scarce in this otherwise highly productive oceanic region (Biggs 1982) . By comparison, zooplankton biomass in the vicinity of South Georgia Island (6 g C m Ϫ2 , Ward et al. 1995) and at the Antarctic Polar Front (4 g C m Ϫ2 , Fransz and Gonzalez 1997) is around an order of magnitude greater than in the Ross 
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All types (Nov-Apr) Copepods (Feb) All types (Oct/Nov) All types (Jan/Feb) Copepods (Dec) Foxton (1956 ) Boysenennen et al. (1991 Huntley and Zhou (2000) Huntley and Zhou (2000) Sertorio et al. (2000) * g Dry weight was converted to g C m Ϫ2 by assuming a 45% conversion to carbon units (Conover and Huntley 1991) . † Taken from Atkinson et al. (2001) . ‡ Average of all sectors 50-55ЊS. § Average of all sectors 55-65ЊS. Average of all sectors 65-70ЊS. Sea. Historic measurements by Foxton (1956) during the Discovery cruises support this trend, finding the coastal areas (65-70ЊS) to have by far the lowest zooplankton biomass of the Southern Ocean region, especially when compared to the frontal zones further north (ϳ0.8 and 1.6 g C m Ϫ2 , respectively; see Table 1 ). Even in the Croker Passage (1.1 g C m Ϫ2 , Conover and Huntley 1991) and portions of the Weddell Sea (0.85 g C m Ϫ2 , Boysenennen et al. 1991) , both regions of low zooplankton abundance by Southern Ocean standards, zooplankton biomass is still greater than in the Ross Sea (Table 1) .
In addition to its low abundance, the mesozooplankton and macrozooplankton community of the Ross Sea is of low diversity and exhibits low reproduction rates (Knox 1994) . Herbivorous mesozooplankton are represented by the slower growing copepods Calanus propinquus and Calanoides acutus, while krill (Euphausia superba) and the mollusk Limacina helicina are the major macrozooplankton species . Copepods such as Metridia gerlachei and Oithona similis make up the bulk of the remaining zooplankton .
Data from the southwestern Ross Sea also suggest that grazer populations vary spatially. For example, waters associated with the Ross Sea polynya (Fig. 1 ) appear to support a significantly lower grazer population than those of the adjacent Terra Nova Bay (from phaeophorbide a variability, Goffart et al. 2000) , despite the fact that both regions exhibit similar maximum Chl a concentrations (Ͼ7 mg Chl a m Ϫ3 ) and annual rates of production (ϳ140-200 g C m Ϫ2 yr Ϫ1 ) (Arrigo et al. 1998 (Arrigo et al. , 2000 . Seventy percent of the total mass flux measured in sediment traps located in Terra Nova Bay was composed of zooplankton fecal pellets (a byproduct of grazing), compared to only 38% in the Ross Sea polynya where the particulate flux was instead dominated by loose aggregates (DeMaster et al. 1992 ) composed primarily of phytoplankton detritus. Pigment data also support the existence of higher grazing pressure in Terra Nova Bay than in the Ross Sea polynya. DiTullio and Smith (1996) found that phaeophytin : phaeophorbide a ratios in Terra Nova Bay were approximately twofold greater than in the waters of the Ross Sea polynya. Since phaeophorbide a is associated with copepod fecal pellets, relatively high levels of this compound in Terra Nova Bay suggest that mesozooplankton grazing rates there are enhanced relative to the Ross Sea polynya. This is supported by Goffart et al. (2000) , who found phaeophorbide a levels of 190 mg m Ϫ2 during January 1990 in the diatom-dominated Terra Nova Bay, compared to Ͻ50 mg m Ϫ2 within the Ross Sea polynya. Earlier in the season (November 1994) phaeophorbide a levels in the Ross Sea polynya were even lower, barely reaching 25 mg m Ϫ2 . Differences in phytoplankton community structure are thought to be responsible for the differences in grazing intensity between the Ross Sea polynya and Terra Nova Bay. The Ross Sea polynya is dominated by the colonial haptophyte Phaeocystis antarctica, while diatoms (mostly Fragi-lariopsis spp.) are more commonly found in Terra Nova Bay. This contrast in taxonomic distribution is thought to be controlled by the timing and intensity of water column stratification (Arrigo et al. 1998 (Arrigo et al. , 2000 . Although numerous studies have shown that diatoms are readily grazed, it has been suggested that Phaeocystis spp. may be more able to resist grazing by producing chemical deterrents such as mucopolysaccharides and dimethylsulphoniopropionate (DMSP) (e.g., Bautista et al. 1992) , including P. antarctica in the Ross Sea (DiTullio and Smith 1995) . DMSP is converted into acrylic acid and dimethylsulphate (DMS), compounds that have been proposed to reduce grazing pressure in and around colonies (Turner and Tester 1997) . Bautista et al. (1992) measured lower copepod ingestion rates, gut fluorescence, and abundance when waters of the English Channel were dominated by Phaeocystis sp. than during the subsequent diatom bloom in the same region. Studies have found (see Liss et al. 1994 and references therein) that the production by Phaeocystis of DMS and acrylic acid from DMSP may deter chemosensory feeders such as copepods and that Phaeocystis may have been avoided by grazers due to its unpalatability or poor nutritional quality (Liss et al. 1994) . Consistent with reduced grazing on P. antarctica, Gowing et al. (2001) measured fecal pellet fluxes associated with P. antarctica that were only about 10% of those measured in waters dominated by diatoms (5 and 45 mg C m Ϫ2 d Ϫ1 , respectively).
In addition, P. antarctica colonies have a tough outer skin and can reach up to 2 mm in diameter (Hamm 2000) , allowing them to resist grazing by microzooplankton once the colonial stage is reached (Bautista et al. 1992) . As a result, microzooplankton have a minimal grazing impact upon phytoplankton stocks in the Ross Sea (Caron et al. 2000) . The combination of possible chemical and mechanical inhibition of zooplankton grazing led Huntley et al. (1987) to coin the phrase ''the legend of Phaeocystis unpalatability.'' It is not surprising then that the presence of P. antarctica has been used as an explanation for low zooplankton biomass and grazing (e.g., Asper and Smith 1999; Moore et al. 2000) , and in response some ecosystem models of the Southern Ocean assume that P. antarctica are not grazed at all (e.g., Hecq et al. 2000) or are grazed at a much lower rate than diatoms (e.g., Lancelot et al. 2000) .
However, there is contrary evidence showing that Phaeocystis spp. are indeed grazed by both mesozooplankton and macrozooplankton. While the colonial habit of many Phaeocystis species prevents grazing by the smaller microzooplankton, Hansen et al. (1994) suggest that mesozooplankton and macrozooplankton, such as L. helicina and the raptorial feeder M. gerlachei, are able to actively graze large colonies of P. antarctica. Hamm et al. (2001) found that Phaeocystis colonies were a potentially valuable food source due to their high fatty acid composition. Lebour (1922) observed feeding on Phaeocystis sp. by calanoid copepods, and experiments by Huntley et al. (1987) also found that Calanus hyperborous was capable of satisfying its metabolic and growth requirements by consuming P. pouchetii. Similarly, Hansen et al. (1994) showed that both calanoid copepods (C. hyperborous and C. finmarchicus) and euphausiids (Thysanoessa spp.) actively grazed both solitary and colonial P. pouchetii, which comprised up to 36% of their daily C ration. Work in Norwegian waters by Hamm et al. (2001) showed that Arctic krill effectively grazed P. pouchetii colonies, with both the transfer of C to higher trophic levels and sedimentation of Phaeocystis sp. derived organic matter in fecal material being more effective than was commonly believed. Finally, laboratory experiments by Verity (2000) showed that calanoid copepods could readily graze both solitary cells and colonies of another closely related prymnesiophyte species, P. globosa.
This raises two key questions regarding the unusual mesozooplankton and macrozooplankton dynamics in the Ross Sea. First, why is zooplankton abundance so much lower than elsewhere in the Southern Ocean, particularly in areas with similar levels of phytoplankton production? Second, considering the conflicting information concerning the ability of mesozooplankton and macrozooplankton to graze P. antarctica, is there an alternative explanation that can explain the extremely low zooplankton abundance in the P. antarctica-dominated Ross Sea polynya? To address these questions, we employed a numerical modeling approach using the coupled ice and ocean (CIAO) model (Arrigo et al. in press) to examine phytoplankton/zooplankton (P/Z) interactions throughout the spring and summer phytoplankton bloom in the Ross Sea. The CIAO model was chosen because it has been shown to be capable of accurately simulating the temporal dynamics of both the diatom bloom associated with Terra Nova Bay and the P. antarctica bloom in the Ross Sea polynya (Fig. 2 , Arrigo et al. in press) and is an ideal platform for investigating trophic interactions in these two distinct pelagic communities.
Methods
Model description-CIAO is a three-dimensional ocean general circulation model with an embedded biological component that simulates the dynamics of the two dominant phytoplankton taxa (P. antarctica and diatoms), zooplankton, nitrate (NO 3 ), silica, iron (Fe), and detritus within the Ross Sea (Arrigo et al. in press ). Diatoms and P. antarctica are assumed in the model to exhibit different Fe uptake kinetics, temperature dependent growth rates, and photoacclimation capabilities (for more details see Arrigo et al. in press ). These assumptions allow P. antarctica to grow more quickly than diatoms in waters that are more deeply mixed and lower in Fe, while the higher max of diatoms allow them to grow faster under non-resource limited conditions. P. antarctica can metabolize stored photosynthate from within the colonial matrix under low/variable light conditions (Lancelot and Rousseau 1994; Robinson et al. in press) , conferring an advantage over diatoms. These photoacclimation differences are parameterized via taxon specific E k values, facilitating a higher growth rate at a lower irradiances (shade acclimation), and while this may be inconsistent with some field observations (e.g., van Hilst and Smith 2002) , this is the most straightforward way to simulate the superior growth rates of P. antarctica under low or variable light conditions (Moisan and Mitchell 1999) . Because this investigation focuses on zooplankton abundance and grazing rate as it re- lates to phytoplankton dynamics, only grazing formulations will be presented in detail here. Coefficients for all model parameters were assigned in agreement with literature ranges (see Table 2 for coefficients and values). Formulations and coefficients for other model parameters not given here can be found in Arrigo et al. (in press) .
In order to assess whether mechanical or chemical defenses by phytoplankton are required to accurately simulate mesozooplankton and macrozooplankton distributions in the Ross Sea, we formulated the model without endowing phytoplankton with these characteristics. In the standard run of the model, a single zooplankton grazer was included that could consume both diatoms and P. antarctica without regard to taxa (e.g., no taxonomic preference due to size or possible defense mechanisms). Our rationale was that if the model, using generic zooplankton that feed equally well on both phytoplankton taxa, can successfully simulate both the generally low zooplankton abundance in the Ross Sea and the higher grazing in Terra Nova Bay relative to the Ross Sea polynya (in addition to observed phytoplankton and nutrient dynamics), then mechanical and chemical defenses by P. antarctica are not required to explain the low mesozooplankton and macrozooplankton abundance in the Ross Sea.
We have elected not to model microzooplankton dynamics because to do so would require simulation of the P. antarctica life cycle from small solitary cells to larger colonies in order to accurately simulate the variability in prey size encountered. Although solitary cells are available to microzooplankton grazers early in the P. antarctica bloom, the switch to the colonial form is rapid and likely explains the insignificant impact of microzooplankton on P. antarctica in the Ross Sea (Caron et al. 2000) .
Grazing in CIAO is modeled as a simple Holling type II function of phytoplankton abundance (Holling 1959) such that
where G i is the grazing rate (d Ϫ1 ) on phytoplankton taxa i (P ϭ P. antarctica, D ϭ diatoms), G max is the maximum grazing rate (d Ϫ1 ), C is the phytoplankton concentration (mg C m Ϫ3 ), h is the feeding threshold below which G i is zero (mg C m Ϫ3 ), and K s is the concentration of prey (mg C m Ϫ3 ) at which G i is half of G max .
The rate of change in zooplankton abundance (
where Z is the zooplankton concentration, initially set to 2 mg C m Ϫ3 , ␥ i is the assimilation efficiency of zooplankton on phytoplankton species i, and x Z is the specific C loss (including natural mortality, respiration, and higher preda- 
tion, d Ϫ1
). In the standard run, ␥ is the same for consumption of both diatoms and P. antarctica. Since most zooplankton data are collected via net hauls from depth and generally collect most, if not all, zooplankters present in the water column (although net avoidance can occur), our results will be presented as depth-integrated (throughout the whole water column) zooplankton biomass (g C m Ϫ2 ).
Results
Sea ice concentrations in the Ross Sea polynya begin to decrease rapidly around early November, and shortly thereafter P. antarctica is predicted to bloom profusely, with a net biomass accumulation rate of 0.10 d Ϫ1 between 7 November and its biomass peak on 21 December (Fig. 3a) . Northward advection of the sea ice prior to melting causes these waters to be weakly stratified, allowing P. antarctica to effectively compete with diatoms in this relatively lowlight environment (Fig. 4b) , consistent with observed photophysiological differences between the two taxa (Moisan and Mitchell 1999) . Within 2 weeks of the Ross Sea polynya becoming ice free, P. antarctica biomass is predicted to reach mean levels of 4 g C m Ϫ2 , with values of Ͼ6 g C m
Ϫ2
in some areas. Throughout the early stages of the P. antarctica bloom, zooplankton abundance remains near its winter minimum (ϳ0.049 g C m Ϫ2 ) and increases to only Ͻ0.1 g C m Ϫ2 when the P. antarctica bloom peaks in mid-December (Figs. 3a, 5b) .
After mid-December, predicted growth rates of P. antarctica in the Ross Sea polynya begin to decline due to Fe limitation (see also Arrigo et al. in press) , consistent with field data that indicate that Fe concentrations drop to growth- limiting levels in surface waters at this time (e.g., Sedwick et al. 2000) . As the P. antarctica bloom begins to wane within the Ross Sea polynya, simulated zooplankton biomass increases but never attains high levels (Fig. 5) , eventually peaking at only 0.15 g C m Ϫ2 by 28 December (Fig. 3a) . By mid-January, mean zooplankton abundance throughout the Ross Sea polynya is still unchanged (Fig. 3a) , but a striking spatial pattern emerges. Zooplankton abundance throughout much of the region increases markedly, with the exception of a large area in the center of the Ross Sea polynya that contains the lowest zooplankton biomass of the entire icefree Ross Sea (Fig. 5d ). This distinct low-zooplankton zone is even more pronounced in mid-February (Fig. 5f ) and is always associated with the most extreme P. antarctica-dominated waters (e.g., Fig. 4f) . Comparison of the spatial distributions of phytoplankton (Fig. 4) and zooplankton (Fig.  5) shows that the low-zooplankton zone coincides with the region where P. antarctica had bloomed a month prior but had already dropped to low levels by January (Fig. 4b) and February (Fig. 4c) . Populations of both P. antarctica and zooplankton in the Ross Sea polynya changed little during February, maintaining levels of Ͻ0.5 g C m Ϫ2 and Ͻ0.05 g C m Ϫ2 , respectively (Fig. 3) . Zooplankton exhibited little subsequent change in population size, while P. antarctica numbers dropped again in mid-April to Ͻ0.1 g C m Ϫ2 , where they remained for the duration of the simulation.
In contrast to the Ross Sea polynya, Terra Nova Bay remains at least partially ice free all year, and throughout the spring its waters are mixed below the critical depth (sensu Sverdrup 1953 ) by offshore winds that are twice the fre-quency and three times the velocity of those associated with the Ross Sea polynya (Arrigo et al. 1998) . Consequentially, modeled phytoplankton accumulation rates in Terra Nova Bay are negligible in mid-December (when P. antarctica peaks in the Ross Sea polynya) and diatom abundance remains low (Figs. 3b and 4a) . Because development of the diatom bloom in Terra Nova Bay and in the MIZ surrounding the Ross Sea polynya is slower than in the Ross Sea polynya (Fig. 4b) , with a biomass accumulation rate of only 0.05 d Ϫ1 between 7 November and the diatom peak on 28 January (Fig. 3b) , zooplankton in these diatom-dominated waters remain at low levels throughout November and December (Figs. 3b and 5a,b) .
Once sea ice in the Ross Sea begins to melt in late December, both in Terra Nova Bay and in the MIZ, surface waters begin to stratify, resulting in mixed layers as shallow as 10 m in depth. These high-light environments favor the growth of diatoms, which begin to bloom in January (Fig.  4b) , with zooplankton biomass increasing soon after (Figs. 3b and 5d). The peak in mean zooplankton biomass in Terra Nova Bay (0.5 g C m Ϫ2 , Fig. 3 ) lags behind the diatom peak in early February by approximately 2 weeks (3.5 g C m Ϫ2 , Fig. 3b) , with zooplankton abundance in mid-February varying spatially from 0.3 to Ͼ0.8 g C m Ϫ2 (Fig. 5 ) throughout Terra Nova Bay and the MIZ. After mid-February, simulated Fe concentrations in Terra Nova Bay and the MIZ begin to fall to levels that limit diatom growth, resulting first in a decline in diatoms and then in zooplankton. By the beginning of March, Fe is almost fully depleted throughout the southwestern Ross Sea, which, together with the return of seasonal sea ice, results in low phytoplankton and zooplankton biomass throughout the region.
Comparison of the maximum spatially averaged zooplankton biomass in Terra Nova Bay and the Ross Sea polynya (Fig. 1) shows that the Ross Sea polynya reaches only 0.15 g C m Ϫ2 (Fig. 3a) , compared to 0.5 g C m Ϫ2 within Terra Nova Bay (Fig. 3b) . At individual grid points within the southwestern Ross Sea zooplankton can reach biomass levels of as high as Ͼ0.8 g C m Ϫ2 (see Fig. 5d ,e), while the maximum depth-integrated abundance predicted by CIAO over the entire southwestern Ross Sea (encompassing all open water up to the 800-m shelf break, see Fig. 1 ) averaged 0.24 Ϯ 0.2 g C m Ϫ2 , the high standard deviation and lower value being due to the high spatial heterogeneity of the region (see Fig. 5 all panels) . Values from within our primary areas of interest, the Ross Sea polynya and Terra Nova Bay polynya, vary from ϳ0.1 to ϳ0.8 g C m Ϫ2 , in good agreement with the existing measurements of 0.3-0.7 g C m Ϫ2 (see Table 1 ). Accordingly, model results suggest that the Ross Sea appears to be at the low end of previously observed estimates of mesozooplankton and macrozooplankton for the Southern Ocean (Table 1) , especially considering its high phytoplankton biomass compared to other Southern Ocean regions (Arrigo and McClain 1994; Smith and Gordon 1997; Arrigo et al. 1998 ).
Discussion
The standard run-The standard run of the model successfully simulates both the relatively low zooplankton abundance observed throughout the Ross Sea (Biggs 1982; Sertorio et al. 2000; Huntley and Zhou 2000) and the difference in grazing pressure between the Ross Sea polynya and Terra Nova Bay inferred from sediment trap and pigment data (e.g., Dunbar et al. 1998; Goffart et al. 2000; Gowing et al. 2001) . At the same time, the model results reproduce observed phytoplankton taxonomic distributions and population dynamics as well as nutrient dynamics of the region (Fig. 2) . Of particular importance, the unusually low zooplankton abundance characteristic of the Ross Sea polynya was simulated without having to ascribe to the zooplankton a lower food preference for P. antarctica than for diatoms (e.g., reduced G max or K s ), as has been done in previous studies Lancelot et al. 2000) . We consider the fact that the P/Z dynamics of the southwestern Ross Sea are simulated in the standard run without endowing P. antarctica with a uniquely high resistance to zooplankton grazing to be a compelling reason to question whether such resistance plays an important role in structuring phytoplankton community composition in the Ross Sea, as has been previously hypothesized. Note that we are not claiming that these model results prove that defense mechanisms by P. antarctica to resist grazing are unimportant, only that there may be an alternative, more significant and straightforward, explanation for the low zooplankton abundance in the Ross Sea.
If chemical and/or mechanical defenses of P. antarctica are not responsible for the low zooplankton levels either predicted by the model or observed within the Ross Sea polynya, there must be an alternative explanation. We propose that the low zooplankton abundance observed in the Ross Sea polynya is due simply to the difference in the degree of P/ Z coupling between the Ross Sea polynya and Terra Nova Bay. Furthermore, we propose that the low zooplankton abundance in the Ross Sea compared to other regions of the Southern Ocean is due to the reduced P/Z coupling in the Ross Sea resulting from the high phytoplankton growth rates.
As a quantitative measure of the level of coupling between trophic levels, the ratio of the zooplankton-specific grazing rate to the phytoplankton-specific growth rate (G : , hereafter called the G ratio) has been used (e.g., Strom et al. 2001 and references therein). A G ratio that is constant and near unity indicates a high degree of coupling between the phytoplankton population and their zooplankton grazers (Strom et al. 2001) . This is because in a tightly coupled P/ Z system, specific zooplankton grazing rates are able to keep pace with changing specific phytoplankton growth rates (i.e., a high proportion of new phytoplankton production is consumed by the grazing zooplankton). Within Terra Nova Bay (Fig. 6b) , the G ratio during the summertime diatom bloom remains almost constant and averages approximately 0.6, indicating that a relatively high degree of P/Z coupling exists there. Although not as high as the sub-Arctic Pacific and the Antarctic Peninsula, which exhibit G ratios of 0.8 and 0.9, respectively (Strom et al. 2001 and references therein), the degree of P/Z coupling in Terra Nova Bay was much greater than in the Ross Sea polynya, where the G ratio during the P. antarctica bloom was more variable and far from unity, ranging from 0.10 to 35 (Fig. 6a) . The relatively large departure in the G ratio from unity within the Ross Sea polynya is due to the highly asynchronous dynamics of phytoplankton growth rates and zooplankton grazing rates predicted for these waters (Fig. 6a,b) . During the initial stages of the P. antarctica bloom in the Ross Sea polynya, zooplankton grazing is unable to keep pace with the rapidly increasing P. antarctica population, and the G ratio is K1 (Fig. 6a) . As the P. antarctica bloom progresses and Fe concentrations are drawn down to growthlimiting levels, G begins to increase faster than and the G ratio increases accordingly. Once the P. antarctica bloom peaks, the continued increase in G, combined with the Fe mediated decline in , yields values for the G ratio that are k1 (Fig. 6a) . Hence, the exaggerated boom/bust cycles for P. antarctica result in an almost complete decoupling from the zooplankton in the Ross Sea polynya. In Terra Nova Bay, slower initial diatom accumulation rates allow G to increase along with , and therefore the G ratio remains stable and close to unity (Fig. 6b) . However, P/Z coupling is not perfect (G ratio 1), and the zooplankton are unable to prevent a diatom bloom in midsummer. At the end of the season in both Terra Nova Bay and the Ross Sea polynya, the G ratio falls quickly due to the declining zooplankton grazing rate in response to the lower phytoplankton biomass levels (Fig.  6) .
The role of shade acclimation-In theory, the reduced P/ Z coupling predicted in the Ross Sea polynya could either be due to higher rates of P. antarctica biomass accumulation or too low initial zooplankton concentrations (Z min ), which would make it difficult for zooplankton to build up enough biomass to have an impact on phytoplankton abundance. It is straightforward to show that relative difference in zooplankton dynamics between the Ross Sea polynya and Terra Nova Bay are insensitive to the value of Z min (see below). Therefore, the reduced P/Z coupling predicted in the Ross Sea polynya is due to the rapid early season rate of P. antarctica growth and accumulation. The high rate of biomass accumulation is a direct result of the fact that P. antarctica, both in the model and in nature (Cota et al. 1994; Moisan and Mitchell 1999; Stuart et al. 2000) , are shade acclimated and therefore are able to achieve a positive net growth rate at lower light levels than are diatoms. Thus, as soon as waters of the Ross Sea polynya begin to be blown clear of ice by offshore winds, P. antarctica responds with extremely rapid growth, decoupling them from the still quiescent zooplankton population. This prediction by the model is consistent with observed bloom dynamics of P. antarctica in the Ross Sea polynya, where concentrations in excess of 5 mg m Ϫ3 have been observed in waters where ice concentrations exceeded 50% (Smith and Gordon 1997) . In Terra Nova Bay, early season mixing is very deep (Ͼ200 m) and exceeds the critical depth for both taxa. Once the ice in Terra Nova Bay begins to melt, strong vertical stratification and high solar elevation favors the growth of diatoms. Both populations exhibit different degrees of boom/bust dynamics, and although P. antarctica grows faster in the earlier stages of its bloom, once conditions become more favorable in Terra Nova Bay, diatom accumulation rates can also be high (even though early season rates are low). In fact, both taxa display similar maximal specific growth rates (0.5 d Ϫ1 ). Acclimation by phytoplankton to low light levels includes changes in cellular pigment content or composition (Stuart et al. 2000) related to the number of photosynthetic units and reduction in the quantum yield of photosynthesis (). Consistent with shade acclimation, Moisan and Mitchell (1999) found high chlorophyll-specific absorption (a ) and * ph maximum quantum yield ( m ) for P. antarctica under low light levels. Similarly, Stuart et al. (2000) showed that prymnesiophytes had higher photosynthetic efficiency (␣*) and reached their theoretical maximum photosynthetic rate at lower irradiances (lower E k ) than diatoms under low-light regimes, in agreement with work by Cota et al. (1994) , who also observed higher assimilation rates (P ) and ␣* by * m Phaeocystis sp. in the Greenland Sea. These changes in the photosynthetic apparatus require high ambient nutrient levels (including Fe), which are present early in the season in the southwestern Ross Sea (Sedwick et al. 2000) . The colonial form of P. antarctica photoacclimates by storing excess photosynthate within its colonial matrix (Lancelot and Rousseau 1994; Robinson et al. in press) . Use of the photosynthate stored under higher surface light levels when light levels decrease during deep mixing could allow P. antarctica to outcompete diatoms under the early season low light levels.
The ability to shade acclimate may be of major importance in decreasing P/Z coupling and promoting phytoplankton bloom development in other high-latitude seas, where irradiance is the major determinant of photosynthetic and growth rates. For example, Boyd et al. (1995) measured a high degree of shade acclimation for phytoplankton during the early spring bloom in the Bellingshausen Sea, Antarctica, where phytoplankton biomass reached 8 g C m Ϫ2 and production rates were approximately 0.75 g C m Ϫ2 d Ϫ1 . During this study, P (0.70 Ϯ 0.04 mg C mg Chl a Ϫ1 h Ϫ1 ), E k (Ͻ20 * m mol quanta m Ϫ2 s Ϫ1 ), and the C : Chl a ratio (33) were all low, while ␣* was high (0.048 Ϯ 0.009 mg C mg Chl a Ϫ1 h Ϫ1 /mol quanta m Ϫ2 s Ϫ1 ), all indicative of shade acclimation. Growth rates were 0.1 d Ϫ1 , similar to rates predicted by CIAO for the Ross Sea polynya, despite low irradiance due to ice cover and a mixed layer depth (MLD) of 70 m (Boyd et al. 1995) . Calculation of the compensation irradiance put the critical depth at between 60 and 70 m (Boyd et al. 1995) , and, consequently, the phytoplankton were sufficiently adapted to attain net growth in the low-light environment. Like in the Bellingshausen Sea, shade acclimation appears to be an important feature of the early season bloom in the Ross Sea, both structuring the phytoplankton community and allowing high primary production and biomass accumulation. Similar work by Holm- Hansen and Mitchell (1991) during the RACER expedition near Gerlache Strait also found evidence of shade acclimation associated with the early stages of the phytoplankton bloom, including low P (1.1
In contrast, phytoplankton in the high-latitude sub-Arctic Pacific Ocean seldom bloom, and the region is considered to be characteristically HNLC (Banse and English 1999) . This lack of a bloom is typically explained by the dominance of smaller cells with a lower surface area to volume ratio in these Fe depleted waters, which are readily grazed by the quickly responding microzooplankton community (i.e., the G ratio is higher). However, the lack of Fe abundance has also been shown to diminish the ability of the phytoplankton to shade acclimate, resulting in low growth rates, with Fe and light proposed to be colimiting (Maldonado et al. 1999) . We hypothesize that it is the increased capacity for photoacclimation to lower irradiances that may structure the P/Z dynamics in high-nutrient, high-latitude waters. Nutrients (including Fe) play a controlling role in two ways. First, higher nutrients allow phytoplankton to synthesize the photosynthetic machinery required to photoacclimate, enabling early season growth rates that are sufficiently fast to decouple them from the mesozooplankton and macrozooplankton grazers. Second, higher nutrients will favor larger cells (or the formation of colonies), which are more likely to become mechanically decoupled from the fast-growing microzooplankton. Both mechanisms likely play a role during the P. antarctica bloom in the Ross Sea polynya where solitary P. antarctica cells are potentially susceptible to grazing by microzooplankton early in the bloom, albeit only for a short period of time. This reduced opportunity for grazing likely explains the low microzooplankton abundance in the Ross Sea and why our model, which does not explicitly include microzooplankton grazers, is still able to simulate the P/Z dynamics of the Ross Sea.
Sensitivity analyses-Model predictions obviously depend on the coefficient values assigned, and although grazing coefficients used in CIAO are not always derived from experimental or field data from the Ross Sea, all values lie well within literature values (Table 2) . Furthermore, observed distributions of nutrients, phytoplankton, zooplankton, fecal pellet fluxes, and pigments indicative of zooplankton grazing all provide constraints necessary to evaluate the response of the model to a given coefficient suite. Sensitivity of the CIAO model to changes in coefficients that control phytoplankton growth rates was tested previously, and dynamics and distributions of both P. antarctica and diatoms were shown to be particularly sensitive to changes in photosynthetic parameters (Arrigo et al. in press ).
Here we focus on the sensitivity of the model to changes in grazing-related parameters (K s , x Z , G max , Z min , h) while fixing all other coefficients, including those controlling phytoplankton growth. The goal of this analysis is to assess the degree to which our conclusions depend on the coefficient values selected and to examine the relative control that grazing exerts upon the two different phytoplankton populations. Sensitivity of the model to changes in grazing coefficients (see below) was assessed by approximately halving and doubling the coefficients and subsequently comparing the results (Fig. 7) to the standard run (Fig. 3) . The resulting range in coefficient values tested was consistent with those found in the literature (Tables 2 and 3 ). Model sensitivity was evaluated and presented with respect to the ability of CIAO to reproduce phytoplankton and zooplankton distributions in Terra Nova Bay and the Ross Sea polynya.
Increasing K s and x Z and reducing G max all resulted in reduced P/Z coupling and a significant, and hitherto unobserved, increase in phytoplankton and decrease in zooplankton abundance in Terra Nova Bay, with little change in the Ross Sea polynya (Fig. 7) . Zooplankton levels in the Ross Sea polynya and Terra Nova Bay were approximately equal when K s was reduced (Fig. 7) , also contrary to existing observations. This parameter is the most important factor controlling the rate of response of the zooplankton to changes in the phytoplankton standing crop and the observed regional disparity in zooplankton biomass. CIAO also was sensitive to increases in G max and reductions in x Z (Fig. 7) , resulting in excessive P/Z coupling and leading to the unrealistic prediction of greater zooplankton abundance in the Ross Sea than in Terra Nova Bay and drastic reductions in phytoplankton in both regions. While a 50% reduction in Z min leads to unrealistically high phytoplankton levels in both Terra Nova Bay and the Ross Sea polynya, increasing Z min to 4 mg C m Ϫ3 results in satisfactory phytoplankton dynamics and regional differences in zooplankton abundance that are similar to the standard run. Finally, the rate of increase in the phytoplankton standing crop is far too great for any realistic value of the minimum grazing threshold, h, to impact the dynamics of the region, even when increased to 20 mg C m Ϫ3 (ϳ0.4 mg Chl a m Ϫ3 ) (Fig. 7) . Results of all sensitivity analyses indicate that substantial changes in model coefficients controlling the degree of P/Z coupling generally result in phytoplankton and zooplankton dynamics that are inconsistent with observed patterns. The sensitivity analysis supports the initial conclusion from the standard run that the dynamics of phytoplankton and zooplankton are controlled strongly by the degree of P/Z coupling. Furthermore, the lack of zooplankton in the Ross Sea polynya is only simulated in those cases where phytoplankton and zooplankton populations were substantially decoupled. In all cases, the change in phytoplankton biomass when the P/Z coupling was perturbed was much greater in Terra Nova Bay than in the Ross Sea polynya (Fig. 7, all panels) . This supports observations that indicate that zooplankton play a greater role in controlling the phytoplankton populations of Terra Nova Bay than of the Ross Sea polynya.
Implications-Shade acclimation by P. antarctica explains its ability to become decoupled from the grazing zooplankton. Slower initial growth by diatoms allows the zooplankton to control phytoplankton biomass to a greater Table 2 ). Adjustments were made to K s , G max , h, x Z , and Z min . See Table 3 for actual values assigned. degree in Terra Nova Bay, but once conditions are optimal, diatoms also can bloom rapidly. Shade acclimation may be a feature of high-latitude phytoplankton blooms, especially those that occur during the early spring and in association with relatively deep mixed layers. Moreover, the differing taxonomic capacities to shade acclimate may control the early spring phytoplankton community structure and may lead to a species shift later in the summer when mixed layer depths are shallower and irradiance levels more suited to non-low light adapted species. It is also possible that Fe supply may be a controlling influence upon the degree of P/ Z coupling by either facilitating shade acclimation and higher growth rates at low light levels and/or altering the size structure of the phytoplankton community and its associated grazers. Likewise, zooplankton species-specific life history traits, grazing parameters, and/or feeding adaptations could also have an impact on the degree of P/Z coupling observed.
Although not explicitly simulated, these effects are controlled by h, the feeding threshold, and, as stated earlier (Fig.  7) , the model results and conclusions are insensitive to this parameter.
If much of the P. antarctica production is not grazed by the zooplankton, what is the fate of the high levels of C fixed during its growth? P. antarctica has been shown (Arrigo et al. 2000) to fix Ͼ100% more C per mole phosphate (PO 4 ) consumed than diatoms, and thus the eventual fate of photosynthetically fixed C is of major interest, given the significant role of the Southern Ocean in oceanic C storage (Caldeira and Duffy 2000) . Generally, the bacterial community is most likely to use the C available at the termination of the Phaeocystis bloom, but in the Ross Sea, where bacterial numbers are low (Ducklow et al. 2000) , evidence from sediment traps (e.g., DeMaster et al. 1992; ) and in situ observations (e.g., DiTullio et al. 2000) suggests that the senescent cells may sink intact out of the euphotic zone once Fe is exhausted in the surface waters. The contribution of zooplankton to the vertical C flux appears to be low in the Ross Sea polynya, and the fate of sinking P. antarctica cells relative to enhanced fecal pellet fluxes in Terra Nova Bay is as yet unknown. However, DiTullio et al. (2000) observed evidence of photosynthetically active P. antarctica cells at depth, indicating rapid export from surface waters. This could be due to aggregation and subsequent rapid sinking or extreme mixing events.
The impact of the simpler food web within the Ross Sea polynya may have implications for the efficiency of C flux to deep waters. Even if P. antarctica can fix more C per mole PO 4 than diatoms, the efficiency of its transport from the euphotic zone (i.e., the depth of remineralization) is crucial to its impact on atmospheric CO 2 levels. It is feasible that rising atmospheric CO 2 may induce changes in water column stratification via increased precipitation or ice melt (Sarmiento et al. 1998) , and this may subsequently alter early season water column structure and irradiance. These physical changes could then lead to shifts in the taxonomic composition and growth rates of the spring phytoplankton, with possible implications for the ensuing food web structure (this study), nutrient uptake dynamics (Arrigo et al. 2000) , and C export (e.g., this study; Boyd and Newton 1995) of the region. All these factors are of real importance in understanding the quantity and fate of CO 2 fixation in both the southwestern Ross Sea and the global ocean in general.
Examination of the CIAO model shows it is possible to accurately simulate the distribution of zooplankton and phytoplankton in the southwestern Ross Sea using model coefficients that are in agreement with literature values. Results suggest that the generally low zooplankton biomass in the Ross Sea can be explained simply by the reduced degree of P/Z coupling resulting from rapid phytoplankton growth at the early stages of the bloom. Furthermore, the lower zooplankton abundance in the Ross Sea polynya than in Terra Nova Bay can be explained without invoking mechanical or chemical defense strategies by P. antarctica. While model results cannot eliminate the possibility that such strategies exist, we have shown that it is possible to accurately simulate zooplankton biomass without them.
Any defense strategy by P. antarctica is likely to be of lesser significance than its greater degree of shade acclimation, leading to higher growth rates and reduced P/Z coupling, relative to diatoms. Therefore, the true adaptation by P. antarctica to resist grazing may reside in its ability to attain net growth rates under low-light conditions, rather than any other defense mechanisms previously introduced. It is reasonable to expect, therefore, that accumulation of P. antarctica in the Ross Sea polynya is under bottom-up control (nutrients, Fe), while the diatom community in Terra Nova Bay is under both bottom-up (nutrients, Fe) and topdown (grazing) control.
The role of the different food webs in the Ross Sea on the fate of the high levels of organic C fixed at the end of the growing season is, as yet, unknown. Although C export should be more efficient in Terra Nova Bay than in the Ross Sea polynya, because of the enhanced contribution of zooplankton to the vertical C flux via fecal pellet fluxes, lack of significant bacterial remineralization may well elevate the sinking fluxes of senescent P. antarctica cells. Accordingly, the comparative lability of the variable forms of C export in controlling the fate of organic C in the Ross Sea requires further scrutiny. The Ross Sea may well provide an ideal natural laboratory for the study of two boom/bust populations with different nutrient drawdown ratios, food webs, life cycles, and photoacclimation capacities.
